Atomically thin graphite, known as graphene, has been a marvel in material science because of its exceptional properties, novel physics and promising applications. Atomically thin diamond, called diamane, has also attracted considerable scientific interest due to its potential physical and mechanical properties. However, until now there has been no reports of successful synthesis of a free-standing pristine diamane film. Here, we report the synthesis and electronic structure characterization of diamane. Electrical measurements, x-ray diffraction and theoretical simulations reveal that trilayer and thicker graphene transform to hexagonal diamane (h-diamane) when compressed to above 20 GPa, which can be preserved down to few GPa. Raman studies indicate that the sample quenched from high pressure and high temperature also has a h-diamane structure, i.e., hdiamane is recovered back to ambient conditions. Optical absorption and band structure calculations reveal an indirect energy gap of 2. 8±0 1a ) 20 , we studied the pressure-induced diamondization process of few-layer graphene by measuring the sheet resistance.
Although diamond and graphite are both allotropes of carbon, their very different structures and bonding lead to dramatically different physical, chemical and mechanical properties. Diamond is the hardest bulk material, the best thermal conductor, is chemically inert and optically transparent compared to graphite which is soft, opaque semimetal. Atomically thin graphite, i.e., graphene, has been found to have many exceptional physical properties, such as high carrier mobility 1 , half-integer quantum
Hall effect [2] [3] [4] , unconventional superconductivity 5 . Atomically thin layer of diamond, if it could be synthesized, would be predicted to have dramatically different properties from graphene.
Previous theoretical and experimental studies suggest that atomically thin diamond films do not exist in free or pristine state due to the lack of thermally stable two-dimensional structure but are achievable if the surfaces are thermodynamically equilibrated with specific chemical groups such as hydroxyl or hydrogen [6] [7] [8] [9] [10] [11] [12] [13] . Surface hydrogenation or fluorination for synthesizing such diamond films, called diamondene 6 , diamondol 7 , diamane 8, 10 , or diamene 13 have been attempted, and use of various substrates such as Co, Ni, Cu, SiC have also been introduced in these attempts 13, 14 . The substrates have been shown to regulate the physical properties of graphene significantly 6, [15] [16] [17] . It was recently reported that diamond-like carbon was observed when micro-indenting 2-layer graphene with the surface carbon atoms interacting strongly with the Si-face of SiC substrate 13 . The conversion was reversible and not observed in thicker (3-and 5-layer) graphene. Furthermore, all these attempts changed the nature of the materials.
Despite significant effort being invested in the synthesis of atomically thin diamane films, there have not been a report of successful synthesis of a free-standing pristine diamane film. Here we used an alternate approach, the diamondization of mechanically exfoliated few-layer graphene via compression, a clean method which does not introduce any chemical impurities, to synthesize the long sought diamane films.
Diamane has several polytypes due to different stacking sequence of carbon layers. For simplicity, we compactly classified h-diamane with the number of carbon layers 10 , i.e., 3, 4, 6-layer (3L, 4L, 6L) h-diamane are transformed from trilayer, tetralayer and hexalayer graphene, respectively. We demonstrate that (n ≥3)-layer h-diamane are successfully synthesized by compression of trilayer and thicker graphene, which could be preserved to few GPa under decompression. In additional our finding reveal that hdiamane synthesized at high pressure and high temperature could be recovered back to ambient conditions.
Electrical measurements are a sensitive probe to study the pressure-induced graphite to diamond transition since the sp 2 -sp 3 rehybridization between carbon atoms is accompanied by the opening of an energy gap and a dramatic increase in resistance 18, 19 . Using our recently developed photolithography-based micro-wiring technique to prepare electrodes on diamond surface for atomically thin samples (Fig.   1a ) 20 , we studied the pressure-induced diamondization process of few-layer graphene by measuring the sheet resistance.
High-pressure resistance measurements were conducted on graphene ranging in layer thickness from multilayer (graphite, 1 μm in thickness) to bilayer at room temperature. All the samples except bilayer show obvious transition with dramatical increases of resistance (Fig. 1b) . The transition pressure is significantly dependent on the layer number, i.e., the transition occurs at a higher pressure in thinner sample.
Specifically, the sheet resistance of multilayer graphene varies smoothly until the onset of the transition just above 15.1 GPa (inset of Fig. 1b ), followed by a substantial resistance increase of more than five orders of magnitude upon further compression to 55.0 GPa, beyond which the value exceeds the measurable range of our instruments, comparable with previous electrical results caused by the graphite to h-diamond transition under compression 18, 19 . The transition pressure is comparable to those observed in other measurements [21] [22] [23] [24] [25] [26] [27] [28] . In the case of few-layer graphene samples, the transition occurs at about 19.6, 21.3, 27.1 and 33.0 GPa in 12-layer, hexalayer, tetralayer and trilayer graphene (Fig. 1b) , respectively, suggesting the formation of 12L, 6L, 4L and 3L h-diamane under compression. Upon decompression, the high-pressure phase can be quenched to few GPa, but goes back to the initial state after releasing to ambient pressure. For bilayer graphene, the sheet resistance value remains nearly constant with compression up to 60.0 GPa (Fig. 1b) , the highest pressure studied in our measurements, suggesting that if it were to occur a higher pressure would be needed to drive the diamondization process.
The temperature dependence of sheet resistance of few-layer graphene samples confirm the layer dependence of diamondization transition (Extended Data Fig. 2 ). For all the graphene samples from multilayer to trilayer, their resistance shows weak positive temperature dependence (dR/dT≈0) before the phase transition, indicating a semimetallic character. At higher pressures, such as trilayer graphene above 35.2 GPa, the temperature dependence of resistances becomes negative (dR/dT<0) and increasingly steep in further compression, signaling the semiconducting behavior. In bilayer graphene, however, the R-T curves always show weak temperature dependence up to 60.0 GPa, behaving as a semimetal.
To track the diamondization process directly, we conducted high-pressure x-ray diffraction (XRD) measurements on mixed few-layer graphene powders quenched from high pressure and high temperature 34 , in which nanocrystalline hdiamond was observed with small fraction of cubic diamond mixed. During decompression, the sample goes back to its initial state after quenching to ambient pressure.
We performed extensive structure searches through the CALYPSO methodology to rationalize the pressure-induced structure evolution of few-layer graphene. In our simulations, 3L h-diamane in (-2110) orientation with a sizable energy gap, as shown in Fig. 3a , is found to be energetically stable and has a lower total energy than trilayer graphene above 50 GPa ( Previous experimental studies indicated that h-diamond could be synthesized at high pressure and high temperature and preserved to ambient conditions 18, [21] [22] [23] [24] 34 , which hints for a possible route to synthesize pressure quenchable h-diamane. We therefore heated the samples at high pressure before quenching to ambient conditions. Two To further track the opening of the bandgap, we measured the Vis-UV (1.4~4.9
eV) absorption spectra of trilayer and thicker graphene under compression. For all the graphene samples, pronounced and asymmetric peaks at a photon energy of 4.6 eV are observed in the absorption spectra at low pressures (Fig. 4b) , which are the excitonic resonance and the feature of interband transition in graphene 36 . These peaks are insensitive to pressure until the structural transition occurred at which point their intensities drop dramatically. The disappearance of the excitonic resonance peaks confirm the loss of the electronic structure of trilayer and thicker graphene.
Above the graphene to h-diamane transition pressure, such as multilayer above 16.2 GPa, hexalayer above 20.6 GPa and trilayer above 28.3 GPa, a sharp drop of absorbance is observed at the radiation photon energy of 2.0 eV (Fig. 4c) , followed by further decrease with pressure, which indicates that the bandgap is larger than 2.0 eV.
The opening of bandgap is also in agreement with the optical microscopy observations that trilayer and thicker graphene becomes increasingly transparent above the transition pressure (Extended Data Fig. 7 ).
Weak absorption edges are observed at 2.8±0.3 eV in the absorption spectra of (n The authors declare no competing financial interests. With further compression, a large fraction of h-diamane formed, win out and dominate the electrical properties. Therefore, the resistance jumps out of the measurable range of instrument due to the large bandgap.
